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Heat shockAtoh1 is required for differentiation of sensory hair cells in the vertebrate inner ear. Moreover, misexpression
of Atoh1 is sufﬁcient to establish ectopic sensory epithelia, making Atoh1 a good candidate for gene therapy to
restore hearing. However, competence to form sensory epithelia appears to be limited to discrete regions of
the inner ear. To better understand the developmental factors inﬂuencing sensory-competence, we examined
the effects of misexpressing atoh1a in zebraﬁsh embryos under various developmental conditions. Activation
of a heat shock-inducible transgene, hs:atoh1a, resulted in ectopic expression of early markers of sensory
developmentwithin 2 h, andmature hair cells marked by brn3c:GFP began to accumulate 9 h after heat shock.
The ability of atoh1a to induce ectopic sensory epithelia was maximal when activated during placodal or early
otic vesicle stages but declined rapidly thereafter. At no stage was atoh1a sufﬁcient to induce sensory
development in dorsal or lateral non-sensory regions of the otic vesicle. However, co-misexpression of atoh1a
with fgf3, fgf8 or sox2, genes normally acting in the same gene network with atoh1a, stimulated sensory
development in all regions of the otic vesicle. Thus, expression of fgf3, fgf8 or sox2 strongly enhances
competence to respond to Atoh1.).
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
Sensory epithelia of the inner ear, comprising hair cells and
support cells, mediate the senses of hearing and balance. One of the
most important regulatory factors controlling development of sensory
epithelia is the basic helix–loop–helix transcription factor, Atoh1,
expression of which is both necessary and sufﬁcient for development
of sensory epithelia (Chen et al., 2002; Millimaki et al. 2007; Millimaki
et al., 2010; Woods et al., 2004). Atoh1 is best known for its role in
differentiation of hair cells. Atoh1 expression is maximal in differen-
tiating hair cells, and conditions that maintain elevated expression
promote hair cell differentiation at the expense of support cells
(Dabdoub et al., 2008; Jones et al., 2006; Woods et al., 2004; Zheng
and Gao, 2000). However, Atoh1 also acts at an earlier stage to
establish the prosensory domain from which both hair cells and
support cells emerge. Accordingly, Atoh1 is initially expressed in a
broad domain containing precursors of both hair cells and support
cells (Woods et al., 2004; Yang et al., 2010). Only later does Atoh1
become restricted to differentiating hair cells by a self-limiting
process termed lateral inhibition (reviewed by Cotanche and Kaiser,
2010). Disruption of Atoh1 prevents development of both hair cells
and support cells, whereas misexpression of Atoh1 can stimulate
formation of ectopic sensory epithelia containing both cell types(Millimaki et al., 2007; Woods et al., 2004). Thus, Atoh1 exhibits
potent tissue-organizing activity that goes beyond its ability to
promote hair cell differentiation.
The basis for Atoh1's broader organizing activity lies in its ability to
activate downstream signaling pathways that diversify cell fates. For
example, Atoh1 activates expression of various Notch ligands that
facilitate lateral signaling required for support cell speciﬁcation
(Millimaki et al., 2007; Woods et al., 2004). Notch signaling in this
context works in part by repressing Atoh1 expression in a subset of
precursor cells, resulting in the alternating pattern of hair cells and
support cells seen in mature sensory epithelia. Newly formed sensory
epithelia also express a number of Fgf genes. It appears that Fgf
signaling serves to recruit additional cells into the developing sensory
epithelium: Discrete subsets of hair cells and support cells that
normally form after the ﬁrst wave of hair cell production fail to form
when Fgf signaling is impaired (Hayashi et al., 2007; Hayashi et al.,
2008; Jacques et al., 2007; Millimaki et al., 2007; Pirvola et al., 2002;
Puligilla et al., 2007). Notch and Fgf also appear to function upstream
to activate Atoh1 expression (Hayashi et al., 2008; Millimaki et al.,
2007; Woods et al., 2004), suggesting a complex feedback network
that is only partially understood. How these signals inﬂuence the
effects of Atoh1 misexpression remains to be established.
Despite the organizing effects of Atoh1, competence to respond
properly to Atoh1 is not uniform. For example, some regions of the
otic vesicle appear to be completely refractory to the effects of Atoh1,
failing to produce sensory epithelia even after high-level Atoh1
misexpression (Huang et al., 2009; Kawamoto et al., 2003; Millimaki
114 E.M. Sweet et al. / Developmental Biology 358 (2011) 113–121et al., 2010;Woods et al., 2004; Zheng and Gao, 2000). Even in regions
capable of forming ectopic sensory epithelia, ectopic hair cells induced
by Atoh1 misexpression often exhibit aberrant morphology or a
diminished capacity to survive after differentiation (Izumikawa et al.,
2005; Kawamoto et al. 2003; Millimaki et al., 2007). In such cases, it is
likely that cells in foreign sites lack essential cofactors needed for
normal Atoh1 activity or, alternatively, other regionally expressed
factors may interfere with Atoh1. Because Atoh1 is a promising
candidate for gene therapy to restore hearing (Izumikawa et al., 2005;
Shou et al., 2003), identifying the factors that inﬂuence sensory
competence remains an important goal of inner ear research.
Here we investigate the effects of atoh1a misexpression in
zebraﬁsh by examining temporal and spatial parameters that
inﬂuence Atoh1 function. We demonstrate that misexpression of
atoh1a at various stages of otic development can induce ectopic
sensory epithelia composed of both hair cells and support cells.
Competence to respond to atoh1a misexpression is already spatially
restricted during placodal stages and becomes increasingly restricted
after formation of the otic vesicle. Co-misexpressing atoh1a with fgf3,
fgf8 or sox2, genes that normally act in the same gene network with
atoh1a, promotes sensory development throughout the otic vesicle.
These data elucidate a genetic network that is sufﬁcient to enhance
competence to respond to Atoh1.
Materials and methods
Strains
Thewild-type strainwas derived from the AB line (Eugene, OR). The
brn3c:gfp line was developed by Xiao et al.(2005) and hsp70:dkk1-
GFPw32 was developed by Stoick-Cooper et al.(2007). hsp70:atoh1ax20,
hsp70:fgf8x17 and hsp70:sox2x21 lines were previously described
(Millimaki et al., 2010). We also generated two new lines, Tg (hsp70:
pax2a)x23 and Tg(hsp70:fgf3)x27, using previously described techniques
(Millimaki et al., 2010).
Misexpression and gene-knockdown
To assess the effects of gene misexpression or gene knockdown, at
least 30 embryos were observed for each time-point. Except where
noted in the text, phenotypes were fully penetrant.
For most misexpression experiments using heat shock-inducible
transgenic lines, embryos were incubated in a water bath at 39 °C for
30 min at time points described in the results. For experiments
involving hsp70:pax2ax23 or both hsp70:pax2ax23 and hsp70:atoh1ax20,
embryos were activated at 36 °C for 30 min. Activation of hsp70:
pax2ax23 at higher temperatures causes elevated cell death, whereas
activation of both transgenes is highly effective at 36 °C (data not
shown). Injection of morpholino oligomers to knockdown pax2a,
pax2b or pax8 was performed as previously described (Bricaud and
Collazo, 2006; Mackereth et al., 2005).
In situ hybridization
In situ hybridization was performed as described previously
(Jowett and Yan, 1996; Phillips et al., 2001).
Immunostaining
Antibody staining was performed as described by Riley et al.
(1999). Primary antibodies were as follows: anti-Pax2 (Covance
diluted at 1:100), anti-GFP (Santa Cruz Biotechnology diluted 1:200)
and anti-Caspase 3 (R&D systems diluted 1:100). Secondary anti-
bodies were as follows: Alexa 546-conjugated goat anti-rabbit IgG
(Molecular Probe diluted 1:200) or HRP-conjugated goat anti-rabbit
IgG (Vector laboratories PI-2000 diluted 1:200).Sections
For cryosectioning of brn3c:gfp, embryos were ﬁxed overnight in
MEMFA (0.1 M Mops at pH7.4, 2 mM EGTA, 1 mM MgSO4, 3.7%
formaldehyde). Embryos were then washed twice for 5 min in 1× PBS
followed by two one hour long washes in PBT with 0.5% Triton-X and
ﬁnally washed twice for 5 min in 1× PBS and transferred into a 30%
sucrose solution made in PBS. Embryos were embedded in tissue
freezing medium (Triangle Biomedical Sciences, H-TFM) and cut into
10 μm sections using a cryostat. Slides were dried overnight, washed
in PBS, and then mounted in ProLong Gold (Invitrogen). The same
protocol was used for cryosectioning of embryos following whole-
mount in situ hybridization except that PBT washes were omitted. For
double labeling of sox2 and brn3c:gfp, embryos were ﬁrst stained by
wholemount situ hybridization for sox2, then 10 μm cryosections
were immunostained for GFP. For resin-sections of sox2 and brn3c:gfp,
embryos were stained in wholemount by immunolocalization of GFP
followed by in situ hybridization for sox2, then embedded in
Immunobed resin (Poly-sciences No. 17324) and cut into 7 μm
sections.Results
Effects of hs:atoh1a misexpression in the nascent otic vesicle
We showed previously that zebraﬁsh atoh1a is necessary and
sufﬁcient for hair cell development (Millimaki et al., 2007). To further
investigate the effects of atoh1a misexpression and determine the
temporal requirements for atoh1a, we utilized a heat shock-inducible
transgenic line to misexpress atoh1a (Millimaki et al., 2010).
Induction of the hsp70 heat shock promoter typically results in
elevated transcript levels of the transgene for 90 min, followed by a
gradual decay over the next few hours (Hans et al., 2007). However,
activation of transgenic hs:atoh1a led to robust expression of atoh1a
transcript for at least 6 h, with moderate upregulation still evident
through 9 h post-activation (Fig. 1E, F). This extended period of
upregulation likely occurs through auto-regulatory activation of the
endogenous atoh1a locus (Helms et al., 2000; Sun et al., 1998; our
unpublished observations). For the purposes of this study it is
important to note that the hs:atoh1a transgene is expressed globally,
including throughout the otic vesicle (Fig. 1A–D).
We began our analysis by activating hs:atoh1a at 18 hpf, the time
when the otic vesicle ﬁrst forms. Production of mature hair cells was
monitored by following expression of brn3c:gfp (Xiao et al., 2005),
which can ﬁrst be detected in nascent hair cells around 9 h after
activation of hs:atoh1a (Millimaki et al., 2010). Activation of hs:atoh1a
at 18 hpf led to production of hair cells throughout the ventromedial
quadrant of the ear at 30 hpf (Fig. 2A, B). This region includes the
areas normally occupied by the utricular and saccular maculae plus
intervening tissue. Ectopic hair cells were stably maintained through
at least 42 hpf, and additional hair cells continued to accumulate
around the edges of the expanded sensory epithelium (Fig. 2C, D). To
further characterize hair cell differentiation under these conditions,
we examined Pax2 expression, which normally upregulates during
development of all utricular hair cells, as well as the ﬁrst 2–3 hair cells
to form in the saccule (Kwak et al., 2006; Riley et al., 1999). Nearly all
cells within the otic vesicle that expressed brn3c:gfp became positive
for Pax2 within 15 h of hs:atoh1a activation (Fig. 2E, F). Additionally,
expression of general macular markers fgf3 and fgf8 also expanded
following activation of hs:atoh1a, as did the utricular marker pax5
(Fig. 2G–L). Thus, misexpression of atoh1a induced formation of
excess and ectopic hair cells in the ventromedial portion of the otic
vesicle, with most hair cells expressing markers consistent with an
anterior (utricular) fate. In contrast, only a small number of hair cells
were seen in the dorsal epithelium and none in the lateral epithelium,
Fig. 1.atoh1aexpression following hs:atoh1a activation at 24 hpf. Expressionof atoh1a at the indicated times in control embryos (A, C, E) and hs:atoh1a transgenic embryos (B,D, F). Images
of wholemount specimens (A–B, E–F) are dorsolateral views with anterior to the left and transverse sections (C–D) with dorsal to the top. The otic vesicles are outlined in C–D.
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the early otic vesicle stage.
Effects of hs:atoh1a misexpression at later stages
We next characterized the effects of activating hs:atoh1a at 24 hpf,
by which time the ﬁrst mature hair cells have formed and maculae
have started to expand (Haddon and Lewis, 1996; Riley et al., 1999).
We showed previously that activation of hs:atoh1a at this time leads
to production of hair cells throughout the ventromedial wall in a
manner comparable to activating hs:atoh1a at 18 hpf (Millimaki et al.,
2010).We extended thatwork by examining earlymarkers of macular
development. Some of the earliest targets of atoh1a/b in the zebraﬁsh
otic placode and vesicle are Notch pathway genes deltaA and deltaD
(Millimaki et al., 2007). Accordingly, activation of hs:atoh1a at 24 hpf
led to a rapid expansion of the macular domains of deltaA to cover the
entire ventromedial wall of the otic vesicle by 26 hpf (Fig. 3A, B). This
was followed by expansion of fgf3 into the medial wall at 28 hpf,
including medial expansion of utricular expression and upregulationFig. 2. Otic vesicle patterning following hs:atoh1a activation at 18 hpf. (A–F) Expression of b
transgenic embryos (B, D, F) at the indicated times. (E, F) Co-staining with anti-Pax2 in red.
expression in hs:atoh1a transgenic embryos (H, J, L). All images show dorsolateral views wi
medial up (I–L).in the saccular macula (Fig. 3C, D). Expression of sox2, which normally
follows atoh1a/b and initially marks both hair cells and support cells,
showed intense expression throughout the ventromedial wall of the
otic vesicle by 30 hpf, 6 h after heat shock (Fig. 3E, F; Millimaki et al.,
2010). Because sox2 is also induced by Fgf and Notch (Millimaki et al.,
2010), it is possible that Atoh1a induced sox2 indirectly through
activation of Fgf and Notch pathways. Ectopic hair cells marked with
brn3c:gfp were ﬁrst observed by 33 hpf, 9 h after activation of hs:
atoh1a (Millimaki et al., 2010, and data not shown). Transverse
sections of embryos differentially stained for brn3c:gfp and sox2
conﬁrmed that atoh1a misexpression expanded production of both
hair cells and support cells (Fig. 3G, H). Many hair cells in the anterior
half of the ear, and a few randomly scattered hair cells in the posterior,
became Pax2-positive by 39 hpf (Fig. 3I, J; Millimaki et al., 2010). The
timeframe of responses of various macular genes to hs:atoh1a
activation is summarized in Fig. 3K.
Although many genes showed similar responses to hs:atoh1a
activation at 18 hpf compared to 24 hpf, there were several notable
exceptions. For example, activation of hs:atoh1a at 24 hpf or later didrn3c:gfp (green) in the utricle and saccule of control embryos (A, C, E) and in hs:atoh1a
(G–L) Otic expression of fgf3, fgf8, and pax5 in control embryos (G, I, K) and expanded
th anterior to the left and dorsal up (A–H) or dorsal views with anterior to the left and
Fig. 3. Otic vesicle patterning following hs:atoh1a activation at 24 hpf. (A–F) Expression at the indicated times of dlA, fgf3 and sox2 in control embryos (A, C, E) and hs:atoh1a transgenic
embryos (B, D, F). To assist in interpretation of images, otic vesicles are outlined in A–D and the spatial limits of fgf3 expression are marked by arrows (C, D). (G, H) Transverse sections
showing expression of sox2 (blue) and anti-GFP (brown) at 36 hpf in a control embryo (G) and a hs:atoh1a transgenic embryo (H). Positions of hair cells (hc) and support cells (sc) are
indicated. (I, J) Expression of brn3c:gfp (green) and Pax2 (red) in otic hair cells at 39 hpf in a control embryo (I) and a hs:atoh1a transgenic embryo (J). (K) Summary of the onset of
expanded or ectopic expression of various otic markers following activation of hs:atoh1a at 24 hpf. Most markers were stably expressed, except for dlA. Expression of dlA was lost in a
subset of cells after several hours, presumably reﬂecting the process of lateral inhibition. Images of wholemount specimens (A–F, I, J) are dorsolateral views with anterior to the left and
dorsal to the top.
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earlier hs:atoh1a activation (data not shown). Similarly, upregulation
of pax2a was limited mostly to anterior hair cells following hs:atoh1a
activation at 24 hpf, whereas virtually all hair cells expressed pax2a
following hs:atoh1a activation at 18 hpf (compare Figs. 2F and 3J).
These data suggest that atoh1a misexpression at 24 hpf does not
expand anterior otic fates as it does at earlier stages. The reason for
this change is not clear.
The effects of atoh1a misexpression diminished after 24 hpf. For
example, compared to the broad medial expansion of hair cells
following activation of hs:atoh1a at 24 hpf (Fig. 4B, F), activation of hs:
atoh1a at 36 hpf resulted in production of two discrete but enlarged
maculae, with an intervening region devoid of hair cells (Fig. 4C, G).
Activation of hs:atoh1a at 48 hpf caused only a slight increase in hair
cell production within the endogenous maculae and cristae but did
not promote sensory development in ectopic locations (Fig. 4D, H).
These data indicate that competence to respond to hs:atoh1a becomes
increasingly restricted at later developmental stages.Fig. 4. Spatial restriction of competence to respond to hs:atoh1a at different stages. Expres
Embryos were heat shocked at the times indicated across the top and photographed 12–1
Images show dorsolateral views with anterior to the left and dorsal to the top.Effects of hs:atoh1a misexpression at placodal stages
In zebraﬁsh, a broad prosensory domain is established in the
preplacode by 10.5 hpf and the ﬁrst hair cells are speciﬁed by 14 hpf,
just as the otic placode becomes morphologically visible (Millimaki
et al., 2007). We reasoned that competence to respond to Atoh1a may
be more widespread at these early stages. Misexpression at different
times showed that activating hs:atoh1a at 14 hpf had the greatest
effect on sensory development (Fig. 4A, E). In contrast, activation of
hs:atoh1a at 12 hpf resulted in a more modest expansion of sensory
epithelia; and heat shock initiated at 10 hpf had little or no effect on
macular development (data not shown). The likely reason for the
weak response to transgene activation at 10 hpf or 12 hpf is that the
endogenous atoh1b locus normally shows widespread expression in
the otic placode at these times (Millimaki et al., 2007), such that a
brief pulse of transgene activity is superﬂuous. We therefore focused
on transgene activation at the most sensitive stage to assess the
spatial limits of sensory competence. Although heat shock at 14 hpfsion of brn3c:gfp in control embryos (A–D) and hs:atoh1a transgenic embryos (E–H).
3 h later. Arrowheads mark positions of endogenous and expanded sensory epithelia.
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epithelium was generally limited to the ventral epithelium of the otic
vesicle (Fig. 4A, E). In rare cases, a small number of ectopic hair cells
were observed in more dorsal positions (Fig. 4E), though none was
detected in the lateral wall. The same results were obtained when
embryos were subjected to serial heat shocks at 14 hpf and 16 hpf to
prolong expression of hs:atoh1a (Fig. 5A, B, and data not shown).
Transverse sections revealed few if any cells on the dorsal, medial, or
lateral walls of the otic vesicle (Fig. 5I, J). Thus, the zone of sensory
competence is already spatially restricted at the earliest stages when
embryos are maximally responsive to hs:atoh1a.Enhancement of sensory competence by misexpression of Fgf8 or Sox2
Fgf is one of the factors required to activate atoh1a/b in the
developing otic placode and vesicle (Millimaki et al., 2007). We
speculated that Fgf might inﬂuence sensory competence by activating
additional factors that work in concert with Atoh1. To test this, we
examined the effects of co-misexpression of hs:atoh1a and hs:fgf8. A
single heat shock at 14 hpf yielded a large sensory epithelium in the
ventral ﬂoor, as well as a few scattered hair cells in the lateral wall
(not shown). Prolonging misexpression by serial co-activation of hs:
atoh1a and hs:fgf8 at 14 hpf and 16 hpf led to a much more dramatic
expansion of hair cells throughout the otic vesicle, including the
dorsal and lateral walls (Fig. 5C). Similar results were obtained by
serial co-activation of hs:atoh1a and hs:fgf3 (Fig. S1F). Transverse
sections of hs:atoh1a;hs:fgf8 embryos conﬁrmed the presence of a
contiguous sensory epithelium covering the entire vesicle, with the
exception of a small region in the medial wall (Fig. 5K, L). Absence of
hair cells in this region correlated with notable thinning of the
epithelium and the presence of multiple microvesicles in adjacent
hindbrain tissue, suggesting some degree of tissue disruption.
Nevertheless, these data show that early co-misexpression of hs:
atoh1a and either hs:fgf8 or hs:fgf3 can dramatically expand sensory
competence into virtually all regions of the otic vesicle. Moreover,
regions of ectopic sensory development exhibited a thickened
pseudostratiﬁed morphology typical of normal sensory epithelia. In
contrast, activation of hs:fgf8 or hs:fgf3 alone was not sufﬁcient toFig. 5. Co-misexpression of atoh1awith fgf8 or sox2. (A–L) Expression of brn3c:gfp after seria
G, K, L) and hs:atoh1a;hs:sox2 (D, H) embryos. Embryos were ﬁxed and processed at the ind
Images in I–L show transverse sections with dorsal to the top. The boxed areas in I and
microvesicles (asterisks), suggesting tissue disruption, and the adjacent wall of the otic vesicl
anterior to the left and dorsal to the top.induce ectopic sensory epithelia, though the saccular macula was
broken into 2 discrete domains in these backgrounds (Fig. S1B, C).
We next examined the ability of sox2 to enhance hair cell
production following activation of hs:atoh1a. sox2 is normally induced
by Fgf and Notch and is co-expressed with atoh1a/b in developing
sensory epithelia (Millimaki et al., 2010). Similar to co-misexpression
of atoh1a and fgf8, serial activation of hs:atoh1a and hs:sox2 at 14 hpf
and 16 hpf produced hair cells located throughout the otic vesicle
(Fig. 5D). Serial activation of hs:sox2 alone had little effect on hair cell
production (Fig. S1A). Hair cells produced after misexpression of
atoh1a with either fgf8 or sox2 were still present at 50 hpf, indicating
these cells are relatively stable. Although hair cells in the lateral wall
appeared more widely separated at later stages (Fig. 5G, H), this
appears to result from expansion of intervening tissue rather than
death of hair cells based on monitoring GFP patterns over time. Anti-
Caspase 3 staining conﬁrmed that double-transgenic embryos did not
exhibit an elevated number of apoptotic cells (Fig. S2).
We also examined the ability of pax genes to inﬂuence sensory
competence. Expression of pax8 and pax2ais also regulated by Fgf
during otic development and is known to affect development and
survival of hair cells (Kwak et al., 2006; Millimaki et al., 2007; Riley
et al., 1999). However, serial co-activation of hs:atoh1awith either hs:
pax2a or hs:pax8 did not alter the production of hair cells compared to
activation of hs:atoh1a alone (Fig. S1D, E, I, and data not shown).
Likewise, disruption of either pax8 or pax2a and pax2b did not
diminish the ability of hs:atoh1a to induce ectopic hair cells following
heat shock activation at 14 hpf or 24 hpf (Fig. S1G, H, and data not
shown).
Patterning associated with global sensory development
The nearly global expansion of sensory development following co-
misexpression of hs:atoh1a with either hs:fgf8 or hs:sox2 suggested
dramatic changes in axial patterning within the otic vesicle. To test
this, we examined expression of numerous spatial markers after serial
activation of hs:atoh1a alone or in combination with hs:fgf8. Several
anterior markers, fgf8, fgf3 and pax5 were all expanded posteriorly
following activation of hs:atoh1a alone and were more strongly
expressed following co-misexpression of hs:atoh1a and hs:fgf8l heat shock at 14 and 16 hpf in a control (A, E), hs:atoh1a (B, F, I, J), hs:atoh1a;hs:fgf8 (C,
icated times. Arrowheads mark positions of endogenous and ectopic sensory epithelia.
K are enlarged in J and L, respectively. The hindbrain shows sporadic formation of
e showsmarked epithelial thinning (et). All other images show dorsolateral views, with
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posteriormarker pou3f3b (previously zp23) was reduced by activation
of hs:atoh1a and nearly absent following activation of hs:atoh1a and
hs:fgf8, while the posterior marker fsta was completely absent after
misexpression of atoh1a or atoh1a and fgf8 (Fig. 6D–E″). Expression of
the dorsal marker dlx3b was reduced in hs:atoh1a and nearly absent
after co-activation of hs:atoh1a and hs:fgf8 (Fig. 6F–F″). An anterior/
ventral marker hmx3 (previously nkx5.1) was somewhat expanded by
activating hs:atoh1a alone and was expressed nearly globally in hs:
atoh1a; hs:fgf8 double transgenic embryos (Fig. 6G–G″). Expression of
the neuronal speciﬁer neurog1was restricted to a small antero-lateral
patch following activation of hs:atoh1a (Fig. 6H, H′). This is consistent
with data from mouse showing that Neurog1 and Atoh1 antagonize
one another (Raft et al., 2007). In hs:atoh1a; hs:fgf8 embryos the
domain of neurog1was similarly reduced but shifted to a slightlymore
posterior position (Fig. 6H″). The lateral/posterior marker otx1 was
severely diminished in the otic vesicles of hs:atoh1a embryos and
completely eliminated in double transgenic animals (Fig. 6I–I″).
Consistent with loss of lateral markers we observed expansion of the
medial marker pax2a into more lateral regions in hs:atoh1a and more
strongly so in hs:atoh1a; hs:fgf8 double transgenic embryos (Fig. 6J–J
″). Nevertheless, expansion ofmedial fate was incomplete, since pax2a
expression was not as strong laterally as medially (Fig. 6J″) and pax5
did not show appreciable lateral expansion (Fig. 6C″). In contrast to
the above results, serial activation of hs:fgf8 alone led to ectopic
expression of some anterior markers in posterior domains but
otherwise did not strongly affect axial patterning in the otic vesicle
(Fig. S3). Taken together, these data indicate that atoh1a misexpres-Fig. 6. Axial patterning following co-activation of hs:atoh1a and hs:fgf8. Expression of vario
atoh1a;hs:fgf8 double transgenic embryos (A″–J″). Embryos were serially heat shocked at 1
dorsolateral views (D–J″), with anterior to the left. Circles outline the otic vesicle. Arrowhead
indicate expanded domains of pax2a in the lateral wall of the otic vesicle.sion can expand anterior/ventral/ medial identity within the otic
vesicle but only to a certain extent on its own. Co-activation of hs:fgf8
and hs:atoh1a enhances this activity.
Expansion of sensory competence at later stages
Because the effects of atoh1amisexpressionbecome severely limited
at later stages of development, we asked whether co-misexpression of
fgf8 or sox2 can enhance sensory competence after 24 hpf. In an initial
series of experiments, we observed that delivering two heat shocks
separated by either a 2- or 3-hour rest interval was optimal for
increasing hair cell production, whereas two heat shocks separated by a
4-hour rest interval gave results that were indistinguishable from a
single heat shock. Delivering a third heat shock offered no advantage
relative to two heat shocks. For all experiments below, embryos were
subjected to two heat shocks separated by a 3-hour rest interval, and
sensory development was examined 24 h after the ﬁnal heat shock.
Serial activation of hs:atoh1a at 24 hpf or 45 hpf yielded greater
production of excess and ectopic hair cells than a single heat shock.
However, production of ectopic hair cells was still mostly seen in the
medial and ventral portions of the otic vesicle (Fig. 7D, E). Formation
of hair cells in the lateral wall was rare, with an average of about 2±2
lateral-wall hair cells per otic vesicle (n=13) (Fig. S4). Semicircular
canals failed to form normally under these conditions, suggesting
perturbation of non-sensory development. Serial co-activation of hs:
atoh1a and hs:fgf8 after 24 hpf did not appreciably expand the domain
of sensory development compared to serial activation of hs:atoh1a
alone (not shown). In contrast, serial co-activation of hs:atoh1a andus otic markers in control embryos (A–J), hs:atoh1a transgenic embryos (A′–J′) and hs:
4 and 16 hpf and ﬁxed for processing at 26 hpf. Images show dorsal views (A–C″) or
s in E–E″mark expected location of fsta in the posterior otic vesicle. Arrowheads in J–J″
Fig. 7. Sox2 expands sensory competence at later stages. Transverse sections showing otic expression of brn3c:gfp (red) and sox2 (blue) in a control embryo (A–C), a hs:atoh1a
transgenic embryo (D–F) and a hs:atoh1a;hs:sox2 double transgenic embryo (G–I). Embryos were serially heat shocked at 45 and 48 hpf and ﬁxed at 72 hpf for staining and
sectioning. Shown are sections passing through the anterior end (A, D, G) or the posterior end (B, C, E, F, H, I) of the otic vesicle. Positions of the utricular macula (um), saccular
macula (sm), semicircular canals (ssc) and lateral line neuromasts (nm) are indicated. White arrows (G–I) mark ectopic hair cells. Specimens in C, F, and I are enlargements of images
B, E, and H, respectively and are shown in brightﬁeld with ﬂuorescence to clarify the spatial relationship between hair cells and sox2 expression.
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cell production, including in the lateral wall of the otic vesicle (Fig. 7G,
H). On average 9±3 hair cells were observed in the lateral wall per
otic vesicle (n=12) (Fig. S4). Ectopic hair cells usually formed as
widely scattered single cells or small clusters. The epithelium
surrounding ectopic hair cells was notably thickened and exhibited
a pseudostratiﬁed morphology (compare Fig. 7C, F, I). Additionally,
small patches of sox2 expression were usually detected near ectopic
hair cells, suggesting the presence of support cells (Fig. 7I). Excess and
ectopic hair cells were not observed following activation of hs:sox2
alone, nor in control embryos (Fig. S4 andMillimaki et al., 2010). Thus,
co-misexpression of sox2 plus atoh1a can signiﬁcantly enhance
sensory competence at later stages of development.
Finally, we examined the effects of co-misexpressing atoh1a with
either pax2a or the Wnt-inhibitor dkk1. Despite the involvement of
pax2a in sensory development (Kwak et al., 2006; Riley et al., 1999),
co-activation of hs:atoh1a and hs:pax2a after 24 hpf did not lead to
production of ectopic hair cells, similar to results obtained at earlier
stages (Fig. S1E and data not shown). Wnt signaling is thought to
induce non-sensory fates in the otic vesicle (Lecaudey et al., 2007;
Riccomagno et al., 2005), raising the possibility that blocking Wnt via
dkk1 misexpression might enhance sensory competence. However,
the effects of co-activating hs:atoh1a and hs:dkk1 were indistinguish-
able from activating hs:atoh1a alone (data not shown). Thus, not all
genes associated with medial sensory development or lateral non-
sensory development can affect sensory competence under the
conditions used here.Discussion
We have characterized the effects of Atoh1 misexpression and
identiﬁed important cofactors that potentiate its ability to promote
sensory development in the zebraﬁsh inner ear. Misexpressing atoh1a
greatly expands the spatial domain of sensory development, typically
resulting in formation of a single large macula covering the ventral/
medial region of the otic vesicle. Responsiveness to atoh1a mis-expression is maximal during placodal through early otic vesicle
stages and diminishes soon thereafter, presumably reﬂecting pro-
gressive differentiation of non-sensory fates in the developing inner
ear. Even during placodal stages, cells in the lateral portion of the otic
placode are refractory to the effects of Atoh1a. By co-misexpressing
the upstream regulator fgf8, which normally predominantly affects
ventral/medial (sensory and neural) fates (Alsina et al., 2004; Hatch
et al., 2007; Kwak et al., 2002; Kwak et al., 2006; Vásquez-Echeverría
et al., 2008), the entire otic epithelium is rendered competent to
respond appropriately to atoh1a. Likewise, co-misexpressing sox2,
which is normally induced in parallel with atoh1a/b in response to Fgf
and Notch (Millimaki et al., 2010), globally expands sensory
development during placodal stages. At later stages sox2 can still
potentiate the ability of atoh1a to promote ectopic sensory develop-
ment, whereas fgf8 loses this ability. These ﬁndings reﬁne our
understanding of the genetic network that inﬂuences Atoh1 function
and sensory competence.Proﬁle of gene expression in expanded and ectopic sensory epithelia
A highly conserved feature of Atonal gene regulation in insects and
vertebrates is a robust auto-ampliﬁcation loop that actsduring the initial
stages of proneural/prosensory development (Helms et al., 2000; Sun
et al., 1998; our unpublished observations). This is followed by a non-
autonomous negative feedback loop in which upregulation of Delta
mediates lateral inhibition/lateral speciﬁcation (Millimaki et al., 2007;
Woods et al., 2004). Accordingly, we ﬁnd that a relatively brief pulse of
transgenic atoh1a expression is sufﬁcient to activate prolonged
expression of endogenous atoh1a/b genes within 1 h, and delta genes
are activated within 2 h (Figs. 1, 3B and data not shown). Thus efﬁcient
induction of both feedback loops accounts for why transient expression
of hs:atoh1a causes a dramatic increase in both hair cells and support
cells. An expanded domain of sox2 expression is seen within 6 h and
brn3c:gfp expression is detected in new hair cells within 9–10 h (Fig. 3),
a timeframe similar to the course of normal sensory development. A
notable difference in ectopic sensory development, however, is that
120 E.M. Sweet et al. / Developmental Biology 358 (2011) 113–121upregulation of pax2a in hair cells is not observed until 15 h after hs:
atoh1a activation. Normally pax2a expression precedes or coincides
with hair cell differentiation, as both processes are initially coordinately
regulated by localized Fgf signaling from the hindbrain. In contrast, the
ﬁrst exposure to local Fgf signaling in ectopic sensory patches comes
4–6 h after activation of hs:atoh1a as expandedmacular domains of fgf3
and fgf8 begin to form. Hence the delay in expression of pax2a could
reﬂect the distinctive timingof Fgf signaling in ectopic sensory epithelia.
Mechanisms that promote sensory competence
Our ﬁndings implicate Fgf and Sox2 as important mediators of
sensory competence in zebraﬁsh. Neither factor alone is sufﬁcient to
promote ectopic sensory development, but they synergize with Atoh1a
to promote global sensory development. How Fgf and Sox2 function in
this context is not clear. Fgf signaling inﬂuences axial fates in the otic
placode and vesicle (Alsina et al., 2004; Hatch et al., 2007; Kwak et al.,
2002; Kwak et al., 2006; Vásquez-Echeverría et al., 2008), raising the
possibility that transgenic Fgf8 expands a regional identity compatible
with sensory development. Indeed, analysis of regional markers in the
otic vesicle following co-misexpression of atoh1a and fgf8 indicates that
there is a near global expansion of ventral/medial/anterior identity,
which is normally associated with the utricular macula. Similar but less
pronounced changes in axial markers are seen followingmisexpression
of atoh1a alone, including expansion of the domains of fgf3 and fgf8
expression. Nevertheless, expansionof endogenous fgf3/8 expressionby
hs:atoh1a is not sufﬁcient to promote sensory development in dorsal/
lateral regions of the otic vesicle. It is possible that transgenic Fgf8boosts
the overall level of Fgf signaling above the threshold required for more
complete axial respeciﬁcation. Transgenic Sox2 also strongly promotes
sensory competence, although its role in axial speciﬁcation in the inner
ear is unknown. A distinct alternative model is that Fgf8 and Sox2
promote sensory competence by inducing a state of increased
pluripotency. Both factors can promote formation of stem cells or
multi-potent progenitors associated with early stages of tissue
development (Graham et al., 2003; Nyeng et al., 2011; Tucker et al.,
2010; reviewed by Lanner and Rossant, 2010). Thus, elevating Fgf8 or
Sox2 could reverse early stages of differentiation of non-sensory cell
types, therebymaking cellsmore susceptible to Atoh1 activity.Whether
Fgf and Sox2 are required before Atoh1 to enhance sensory competence,
or instead act simultaneously with Atoh1 to form an optimal
combinatorial code, remains to be established.
Studies in mouse and chick suggest that a somewhat different
mechanism operates in amniotes, though there is likely to be some
conservation of function as well. Misexpression of Atoh1 in rodents
induces formation of ectopic sensory epithelia but only in regions close
to endogenous sensory epithelia, indicating that competence to respond
to Atoh1 is spatially restricted in mammals, too. Mammalian and avian
sensory epithelia are normally speciﬁed by Jag1-Notch signaling
(Brooker et al., 2006; Daudet et al., 2007; Kiernan et al., 2001; Kiernan
et al., 2006). Notch plays a dual role in sensory development in birds and
mammals, with an initial prosensory phase followed by a robust
inhibitory phase associated with lateral inhibition/lateral speciﬁcation
(Brooker et al., 2006; Daudet and Lewis, 2004; Daudet et al., 2007). In
mouse early misexpression of NICD, the intracellular domain of Notch,
leads to global expression of prosensory markers Jag1 and Sox2
throughout the otic epithelium (Hartman et al., 2010; Pan et al.,
2010).Under these conditionsotic development arrests andmature hair
cells and support cells are not observed. However, localized Cre-
mediated expression of NICD at later stages results in formation of
scattered ectopic sensory epithelia, even in non-sensory regions far
from endogenous sensory epithelia. Thus prosensory Notch activity in
mammals can reprogramvirtually anyotic cell to adopt a sensory fate. In
chick, misexpression of NICD or Jag1 can induce formation of ectopic
sensory epithelia, but not within the dorsal half of the otic vesicle
(Daudet and Lewis, 2004; Neves et al., 2011). However, misexpressionof the Notch target gene Sox2 can yield scattered sensory epithelia in
virtually any part of the otic vesicle in chick (Neves et al., 2011). In
zebraﬁsh, activation of NICD strongly upregulates sox2 expression
throughout themedial wall, but this is not sufﬁcient to activate hair cell
formation, nor does NICD activate sox2 expression in lateral cells
(Millimaki et al., 2010). Despite these species-differences, Sox2 appears
to be an important effector of sensory-competence in all vertebrates:
Sox2 is essential for sensory development in mammals (Kiernan et al.,
2005), it is sufﬁcient to activate sporadic sensory development in chick
(Neves et al., 2011), and it is sufﬁcient to render all otic cells competent
to respond to Atoh1 in zebraﬁsh (this work). Whether Fgf signaling can
also promote Sox2 expression or ectopic sensory development in
mammals and birds has not been reported.Implications for regenerationIn non-mammalian vertebrates, hair cell regeneration is efﬁciently
mediated by support cells, which can transdifferentiate directly into
hair cells or undergo asymmetric cell division to yield new hair cell-
support cell pairs (Millimaki et al., 2010; Schuck and Smith, 2009;
reviewed by Brignull et al., 2009; Cotanche and Kaiser, 2010).
However, regeneration fails to occur in the adult mammalian cochlea
because support cells lose the ability to divide or transdifferentiate
during neonatal development. This transition correlates with a
signiﬁcant decline in Sox2 expression during cochlear maturation
(Smeti et al., 2010). Because Sox2 is essential for hair cell regeneration
in zebraﬁsh (Millimaki et al., 2010), it seems likely that the decline in
Sox2 levels in the mammalian cochlea contributes to loss of
regenerative capacity. Interestingly, forced expression of Atoh1 in
rodents can stimulate transdifferentiation of support cells and thereby
foster some regeneration, though recovery of hair cells is inefﬁcient
and morphology is often abnormal (Izumikawa et al., 2005;
Kawamoto et al., 2003; Shou et al., 2003; Zheng and Gao, 2000).
Whether Sox2 can augment Atoh1-mediated regeneration in mam-
mals remains an open question. In apparent contradiction, one study
in mouse showed that co-misexpression of Sox2 and Atoh1 induced
many fewer ectopic hair cells than did Atoh1 alone (Dabdoub et al.,
2008). However that study utilized vectors designed to promote
strong constitutive expression, conditions that clearly override
normal feedback mechanisms. Based on our studies, we speculate
that transient co-misexpression would allow endogenous Atoh1 and
Sox2 promoters to respond freely to natural regulatory mechanisms
and potentiate sensory development and hair cell regeneration (e.g.
see Woods et al. 2004).
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ydbio.2011.07.019.References
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